Running head: Dryland river benthic metabolism Keywords: gross primary production, respiration, waterhole, desert river, light limitation 2 Summary 1. Australian dryland rivers have the most variable discharge of any rivers world-wide, and are characterised by extended periods of no flow during which aquatic habitat contracts into isolated waterholes. Despite naturally high turbidity, benthic primary production is known to be the main source of carbon to waterhole food webs.
annual rainfall, and both rivers have extremely variable flow, even in comparison to other dryland rivers (Puckridge et al., 1998; Young & Kingsford, 2006) . Long periods of no flow are typical (Figure 2 ). Waterholes in the catchments vary in their degree of permanence, but all study sites had water present for the 2 year duration of the study (April 2001 to May 2003 . More details about the catchments can be found in McGregor et al. (2006) , Bunn et al. (2006a) and Balcombe et al. (2006) .
Waterholes were selected in each river to represent the natural range of size, shape, connectivity, and water permanence. Three or four waterholes were chosen at four reaches within each river, for a total of 15 waterholes per river ( Figure 1 ; Table 1 ). The full set of waterholes in each catchment was sampled on two occasions with contrasting hydrologic conditions-dry (Spring) and post-flow (Autumn) ( Table 2 ). To determine if observed patterns were consistent over time, a subset of four waterholes in each catchment was sampled an additional two times (dry and post-flow). Typically, post-flow sampling was conducted 2-3 months after a channel flow event or flood, at the time when waterholes were just becoming disconnected (in each case, there was still measurable but very low flow at the relevant gauging stations) (Figure 2 ). Dry sampling was conducted after an extended period of no flow (2 -6 months) and 8 -11 months after a channel flow event or flood.
Benthic metabolism
Benthic gross primary production (GPP) and respiration (R) in the photic zone were measured by monitoring changes in DO concentrations in enclosed transparent chambers (Bott et al., 1978; Fellows et al., 2006; Fellows et al., 2007) . Dome-shaped perspex chambers (Fellows et al. 2007 ; diameter = 0.295 m, total height = 0.25 m) were pushed into the littoral zone sediment to a depth of approximately 10 cm, resulting in a volume of 5 L and a surface area of 0.068 m 2 for the enclosed substrate. Actual depth of insertion was measured and used to calculate water volume for each chamber. Chambers were inserted so that the top of the dome was just submerged, and the water depth at the center of the chamber was approximately 0.15 m. Each chamber had a dissolved oxygen (DO) sensor (YSI 5739, YSI Incorporated, Ohio, USA) attached to a data-logger (TPS 601, TPS Pty Ltd, Queensland, Australia), which recorded DO and temperature at 10-minute intervals for 24 h. The temperature inside the benthic chambers was never more than 3ºC greater than the ambient water column temperature and generally remained within 1ºC. A pump recirculated water through the chamber to ensure flow saturation across the membrane of the oxygen sensor.
The resulting water movement in the chambers was of a similar magnitude to that typically observed in the littoral zone due to wave action. Four chambers were deployed at each waterhole based on previous work that suggested that within-waterhole littoral zone variation was relatively small (P.M. Davies, unpubl. data).
Changes in chamber DO concentrations during the night were used to calculate R, while changes during the day were used to calculate GPP. To calculate respiration, the mean rate of change was calculated for a period during the night over which the change in DO concentration was linear with time, and included at least 6 h (Fellows et al., 2006; Fellows et al., 2007) . Daily respiration was calculated by assuming the rate was constant over 24 h.
GPP was calculated for each 10 minute interval during daylight hours as the sum of the DO produced plus the DO consumed by respiration based on the night-time respiration rate (Fellows et al., 2006; Fellows et al., 2007) . The intervals were summed to determine total GPP for the 24 h period. The GPP/R ratio was also calculated based on a 24 h period.
Changes in DO concentrations over time (mg O 2 L -1 h -1 ) were multiplied by chamber volume and divided by substrate surface area to obtain values in units of mg O 2 m -2 h -1 . These rates were converted to units of carbon assuming that one mole of carbon is equivalent of one mole of O 2 for both respiration and photosynthesis (Lambert, 1984; Bender et al., 1987) . Rates of benthic metabolism and GPP/R are presented as the mean of four replicates, except as noted for cases where interference by livestock or equipment failure resulted in fewer replicates.
Water chemistry and other supporting data
The water column was characterised with a combination of in situ measurements and samples collected for later analysis of water chemistry. Depth profiles of irradiance were obtained using a Licor quantum sensor (LI-192SA, LI-COR Biosciences, Nebraska, USA) and were used to calculate light attenuation coefficients (K d ). Photic zone depths were calculated as the depth at which 1% of incident light remained (Wetzel & Likens, 1991) .
Ambient water temperature at 0.2 m below the surface was recorded at 10 minute intervals for 24 h using a data-logger (TPS 601) and mean values were calculated for the 24 h period.
A 10 L depth-integrated sample of the water column was collected and two sub-samples stored for water chemistry analysis in the laboratory. One sub-sample was kept at room temperature and analysed for electrical conductivity. The other sub-sample was frozen and analysed for total phosphorus (TP) and total nitrogen (TN). A portion the frozen sub-sample was filtered in the lab after thawing and analysed for nitrate-N. Standard analysis methods were used and more details can be found in Marshall et al. (2006) .
Data analysis
Distributional properties of the data were checked to identify outliers and the need to transform the data for subsequent statistical analyses. Distributional properties were improved by log transformation for all variables except the GPP/R ratio, for which square root transformation was more successful. Mean waterhole values were used in analyses for measures for which there were two or more replicates per site (GPP, R, GPP/R). Data were analysed using the SAS system for Windows, V 8.0 (SAS Institute, 1999) with the exception of multivariate analyses which were performed using PRIMER TM v.5 (Clarke & Gorley, 2001 ).
While the chosen waterholes were geographically grouped within reaches in each river, comparing the two rivers was a primary focus of the study. One-way Analysis of Variance (ANOVA) was conducted to determine if benthic metabolism differed between reaches within a river or if it was appropriate to treat the waterholes as replicates within the river without being nested in reaches. Two full dry trips (Cooper Creek September 01 and Warrego River October 01) were analysed with river and reach within river using nested oneway ANOVA for log GPP, log R, and the square root of GPP/R. River was significant at a level of 0.01 or greater, while p values for reach within river exceeded 0.05 with the exception of log GPP, with a value of 0.037. With the removal of one waterhole which had extremely turbid water (photic zone 3 cm; Noorama waterhole, Warrego River), reach within river was not significant, with a p value of 0.18. In further analyses, waterholes were treated as replicates within each river.
One of the aims of this study was to identify variables influencing rates of benthic metabolism. While univariate analysis, such as ANOVA, would quantitatively suggest differences in variables between rivers and trips, we wished to explore the collective influence of the range of measured variables on GPP and perhaps identify the main drivers.
Principal Components Analysis (PCA) was therefore used to explore differences between rivers and among trips and to identify those variables contributing to observed differences.
Principal components with eigenvalues greater than 1 were considered significant.
Significance was not determined for loadings on the components (for example, using boot- 
Results

Multivariate exploration
PCA suggested the two rivers were distinct in multivariate space, especially for the trips conducted under dry conditions. The first two principal components were significant (eigenvalues greater than one) and together explained 76% of the variation across waterholes ( Table 3 ). The third component was non-significant (eigenvalue = 0.65) and only added an additional 9%. The three nutrient variables explained the majority of the variation in PC1, with coefficients of 0.5 or greater in magnitude (Table 3 ). PC2 correlated with benthic metabolism and light penetration, with GPP, R, and photic zone depth all having coefficients of 0.5 or greater. Electrical conductance was the only variable that had a large coefficient for PC3. The two rivers separated distinctly using mean values for PC1 and PC2, with the Warrego River higher on both axes than Cooper Creek ( Figure 3A ).
Looking at the four full trips, the two rivers separated on PC2 but overlapped on PC1
( Figure 3B ). The two dry trips were more separated than the two post-flow trips, suggesting that the rivers were more similar post-flow than after extended dry periods. Similar patterns were observed when considering the trips to waterhole subsets ( 
Factors influencing benthic metabolism
Rates of GPP explained a substantial amount of the variation in R, but the relationships were stronger for Cooper Creek compared to the Warrego River (Table 4) . The relationship was not significant for the two full Warrego trips, but it was highly significant for both the post-flow and dry full Cooper trips (r 2 = 0.78, p < 0.0001 and r 2 = 0.68, p = 0.0001, respectively). A tight link between benthic GPP and R was suggested by the high r 2 values for these two trips.
The relationship between GPP and photic zone depth was positive and significant for all relationships tested (all trips, each river separately, each full spatial trip separately), but the strengths of the relationships varied (Table 4) Overlaid on the general trend of increasing GPP with increasing photic zone depth, hydrology had an additional influence on GPP. For the two full Cooper Creek trips, the waterhole values of GPP during dry conditions were generally higher than during post-flow conditions for similar values of photic zone depth ( Figure 5A ). This pattern was also observed to a lesser extent for the two full Warrego trips ( Figure 5B ).
In general, relationships between GPP and nutrient concentrations were not significant (Table 4) Links between fish abundance and GPP
The general pattern of higher GPP in Cooper Creek waterholes compared to those in the Warrego River matched the pattern of fish catches ( Figure 6 ). When all trips to both rivers were considered, CPUE was significantly positively related to benthic GPP (r 2 = 0.27, p < 0.0001) (Table 4, Figure 7A ). However, at the level of river or individual trips the relationship between CPUE and GPP was not always significant. The relationship was not significant for Cooper Creek, while it was for the Warrego River (Table 4) . The relationship was significant for the full post-flow trip for each river (Figures 7B and C), but was not significant for the full trip during the dry period for either river.
Discussion
Conceptual model of dryland river functioning
Light appears to be the major factor limiting benthic primary production in these dryland systems given the generally high nutrient concentrations and stronger relationships between GPP and photic zone depth than with nutrients. Light penetration exerted a stronger control on benthic production under recent post-flow conditions compared to dry conditions, indicating a shift in the relative importance of this factor with changes in hydrology. This shift was seen across both rivers, but differences between rivers in the magnitude of benthic metabolism for both dry and post-flow conditions suggest that the rivers differ in factors responsible for the weaker relationships between light and production during the dry period.
Using data from the present study and theoretical predictions made by Walker et al. (1995) and Bunn et al. (2006b) , a general conceptual model of dryland river benthic production and the influence of hydrology is outlined below. Specific differences between the two rivers are used to look at factors influencing benthic primary production in more detail. et al., 2006; Montoya et al., 2006) . In the Danube floodplain, water column chlorophyll is also greatest under conditions of high nutrients and high residence times, but these conditions occur under mean water levels (Tockner et al., 1999) . Mean water levels are associated with seepage of nutrient-rich groundwater, which alleviates the nutrient limitation that occurred in the floodplain water bodies at the lowest water levels.
In contrast to these two systems, periods of maximum production in the glacial Roseg River are controlled by light availability and substrate disturbance (Uehlinger et al., 1998) .
The Roseg River experiences maximum expansion in summer, during glacial melt (Ward & Tockner, 2001) . During this time, turbid water and bed load movement limit benthic algal biomass (Uehlinger et al., 1998) . Higher algal biomass occurs in association with clear water conditions during the maximum contraction phases in spring and autumn.
The Cooper Creek and Warrego River might be expected to be similar to each other with respect to hydrology and algal dynamics, particularly in comparison to the rivers described above: glacial, tropical lowland and temperate lowland. However, conditions of maximum benthic production in the Cooper Creek are found under dry conditions, when water levels are stable and biofilms are mature and strongly autotrophic. Maximum benthic production in the Warrego River only occurs occasionally, when flows bring in low turbidity water. Benthic algal biofilm is poorly developed in Warrego waterholes at most times, and production is consistently low. If the turbidity of the source water filling waterholes is important for controlling post-flow production in both rivers, then processes within each waterhole have a more dominant role in influencing production during the dry, or maximum contraction. Similar to the Roseg River, turbidity exerts a strong influence on primary production under some hydrologic conditions. The two dryland rivers also share some similarities with the Cinaruco and Danube in that higher nutrient concentrations are found during low water conditions. However, consistently high levels of turbidity mean that primary production in the Cooper Creek and Warrego River does not respond to increases in nutrients, in contrast to the strong response seen in the Cinaruco and Danube. 
